Hepatitis B virus (HBV) infection remains a major health problem causing considerable morbidity and mortality despite the availability of vaccine and antiviral treatments. The World Health Organization (WHO) estimates that more than onethird of the world population is or has been in contact with the virus, resulting in Ͼ350 million HBV chronic carriers worldwide, with Ͼ18% of them living in Africa. Sudan is classified among the African countries with high HBV endemicity. The reported prevalence of HBV chronic infection, characterized by the detectable level of HBV surface antigen (HBsAg), varied from region to region and ranged between 5 and 7% in the general population (1, 13, 28, 31) and 26% in hospital outpatients (25). The prevalence of adults having been in contact with HBV and identified by the presence of anti-core antibodies (anti-HBc) was high, ranging between 47.5 and 67% (25, 28) .
Hepatitis B virus (HBV) infection remains a major health problem causing considerable morbidity and mortality despite the availability of vaccine and antiviral treatments. The World Health Organization (WHO) estimates that more than onethird of the world population is or has been in contact with the virus, resulting in Ͼ350 million HBV chronic carriers worldwide, with Ͼ18% of them living in Africa. Sudan is classified among the African countries with high HBV endemicity. The reported prevalence of HBV chronic infection, characterized by the detectable level of HBV surface antigen (HBsAg), varied from region to region and ranged between 5 and 7% in the general population (1, 13, 28, 31) and 26% in hospital outpatients (25) . The prevalence of adults having been in contact with HBV and identified by the presence of anti-core antibodies (anti-HBc) was high, ranging between 47.5 and 67% (25, 28) . The introduction of vaccination and the screening of blood and blood products during the past 8 years is expected to reduce the rate of HBV infection and the carrier pool (28) .
In sub-Saharan Africa, the risk of HBV transfusion-transmission is expected to be substantial because of the high prevalence of this infection, the frequent use of paid or replacement donors, and incomplete screening coverage (19) . It has been estimated that the median overall risk of becoming infected with HBV from a blood transfusion in sub-Saharan Africa was 4.3 per 1,000 U (19) . In Sudan, the screening of blood donations for HBV was introduced throughout the country in 2002, before which time screening was performed in only a few centers in Khartoum (28) . Under these conditions, it is anticipated that HBV safety for recipients of blood transfusion might remain compromised even after routine blood testing for HBsAg. The residual risk of HBV transfusion transmission is related mainly to blood donations negative for HBsAg that have been collected during the preseroconversion window period (WP), defined as the time between infection and the detection of a viral antigen or antibody marker, during the late stages of infection, or during occult HBV infection or carriage (OBI) (2) . Beyond sensitive HBsAg screening, two strategies have been considered to reduce the risk of HBV transfusion-transmission: anti-HBc screening, as implemented in areas in which HBV is endemic at low levels, or nucleic acid testing (NAT) either in pools of 6 to 24 individual donations or in individual donation samples (5, 12, 14, 24, 33) . Precise cost-effectiveness studies have not been provided, but the cost of discarded blood units and the impact on the blood supply of countries in chronic shortage of blood are major considerations.
HBV is characterized by a high genetic variability, resulting in the recognition of eight well-established genotypes (A to H) based on Ͼ7.5% intergroup divergence in the complete genome and several subgenotypes within these genotypes (22) . Subgenotypes are defined by more than 4% intragenotypic divergence but not greater than 7.5%. Recently, a ninth genotype, tentatively termed "I," was proposed (35) . Previous stud-ies conducted in several African countries showed that HBV genotype E is the most prevalent genotype, spreading in western Africa from Senegal to Namibia, subgenotype A1 is dominant in southern and eastern Africa, subgenotype A3 is present in central and west Africa, and genotype D is dominant in northern Africa (20) . However, to date no molecular epidemiology study on HBV infection in Sudan has been reported.
To assess the question of blood safety in Sudan, local evidence was collected on the prevalence of anti-HBc-and HBsAg-negative/HBV DNA-positive donations. This exercise was taken as a trigger to further explore the molecular epidemiology of HBV in asymptomatic blood donors from Khartoum.
gence was defined by the means of all pairwise genomic distances within or between a given (sub)genotype. Potential recombinant sequences were tested with the genotyping function of NCBI and verified with the SIMPLOT version 3.5.1 software (23) . Window sizes of 300 and 200 bp and steps of 50 and 20 bp were used.
Nucleotide sequence accession numbers. All complete genome and Pre-S/S sequences were submitted to GenBank under the accession numbers HQ385227 to HQ385272.
RESULTS
HBV serological and molecular markers in HBsAg-negative Sudanese blood donors. Plasma samples from 404 randomly selected donors initially tested HBsAg negative were investigated further for the presence of anti-HBc, anti-HBs, and HBV DNA. Anti-HBc was detected in 145 samples (36%). Anti-HBs was successfully quantified in 43/77 (56%) randomly selected anti-HBc-reactive samples (median titer, 192 IU/liter; range, 10 to Ͼ400 IU/liter).
All anti-HBc-reactive samples were first tested by qPCR, and 31 (21%) were positive, with an HBV DNA load ranging between Ͻ10 (18 cases) and 1.1 ϫ 10 6 IU/ml (median of 99.5 IU/ml when including only quantifiable samples). To confirm these results, each HBV DNA-positive sample was retested serologically for HBsAg using an alternative assay to the initial routine screening assay and for HBV DNA with nested PCR assays. On the basis of results obtained from these additional assays, 16 HBV DNA-positive samples were reclassified HBsAg positive. The presence of HBV DNA was not confirmed by nested PCRs in nine samples that repeatedly tested as low positive by qPCR. However, the presence of HBV DNA in the absence of detectable levels of HBsAg defining occult HBV infection (OBI) was confirmed in 6 of 129 samples (4.6%). All six OBI samples carried anti-HBs and HBV DNA loads of Ͻ10 IU/ml (Table 1) . Pre-S/S and/or S sequences were obtained, and phylogenetic analysis showed that one (S185) and five (S20, S51, S69, S152, and S206) OBI sequences were of HBV genotype B and D, respectively. The amino acid sequence of the S antigen major hydrophilic region (MHR) was deduced from the S sequences and compared to B and D consensus sequences previously obtained from asymptomatic HBsAg-positive blood donors. Genotype B S185 and genotype D S51 had a wild-type MHR. The four other genotype D OBIs showed 1 to 11 amino acid (aa) substitutions compared to the corresponding consensus sequence (S69, Q101H; S152, P127L and A168T; S206, P127L and E164G; S20, T115N, T118A, G119T, T123V, P127S, Y134H, P142L, S143L, G145R, P151L, and S167L). The intragroup average amino acid IU/ml), including samples giving a signal of Ͻ10 IU/ml but confirmed to contain at least 1 IU/ml. The majority of samples (75%) had a viral load below 10 4 IU/ml ( Fig. 1 ). Four samples that were only slightly positive by qPCR (Ͻ10 IU/ml) were not confirmed by nested PCR, and five HBsAg-positive samples showed no detectable viral DNA. When the samples were classified according to HBV genotype (see below), the median HBV DNA load of 17 genotype D-infected samples was 103 IU/ml (range, Ͻ10 ϫ 10 5 to 8.5 ϫ 10 5 IU/ml). Most genotype D samples (95.5%) carried viral loads of less than 10 4 IU/ml. Viral load could not be reliably quantified (Ͻ10 IU/ml) in 32% of samples. The median viral load was significantly higher in 27 genotype E-infected samples (median, 3.1 ϫ 10 3 IU/ml; range, 19 to 7 ϫ 10 7 IU/ml; P Ͻ 0.0001). A biphasic distribution was observed, with 67 and 18.5% of samples having HBV DNA loads below 10 4 and above 10 6 IU/ml, respectively ( Fig. 1 ). The Pre-S/S region and the whole HBV genome (minus 50 bp in the BCP region) were successfully amplified and sequenced from 47 and 22 samples, respectively. HBV genotyping was performed by phylogenetic analysis using both sets of sequences. Results showed that one sequence (2%) clustered with HBV genotype A2 (HBV/A2), 19 (40.5%) with genotype D (HBV/D), and 27 (57.5%) with genotype E (HBV/E) ( Fig. 2) .
Within the genotype E clade, 13 (48%) Pre-S/S Sudanese sequences formed a distinct subcluster, supported by 83% bootstrapping for 1,000 replicates (Fig. 2a) . This distinct branching was confirmed with the full-genome sequences available for four strains (100% bootstrap) (not shown). The average intragroup genetic variability of the Sudanese HBV/E Pre-S/S and full-genome sequences was 1.2% (range, 0 to 3.0%) and 1.4% (range, 0.1 to 2.3%), respectively. Diversity between genotype E Sudanese sequences and 89 genotype E references used for comparison was 1.3% (range, 0.3 to 3.0%) in the Pre-S/S region and 1.9% (range, 0.9 to 3.4%) for the full genome. The average overall amino acid diversity within the Pre-S/S region of 27 HBV/E was 2.1% (range, 0 to 6.8%). In the Pre-S2 region, two strains presented a 4-aa deletion (positions ps136 to ps139), two strains had a 5-aa deletion (positions ps135 to ps139 and ps136 to ps140), and one had a 7-aa deletion (positions ps133 to ps139). One strain showed a 1-aa deletion at the N-terminal region of the S antigen (position 10). The MHR was remarkably conserved (1.4% average diversity; range, 0 to 7%). One strain (S232) showed the substitution M133T, which previously was reported to be associated with vaccine escape. The complete sequence of the core and polymerase genes was obtained for eight and nine genotype E Sudanese strains, respectively. The average amino acid diversity within the core was 3.7% (range, 0 to 11%) and was 1.7% (range, 0.5 to 2.6%) within the polymerase. Complete X gene sequences were available for four strains. Two strains had the xK130M/xV131I and xV131I substitutions, respectively, which have been associated with an increased risk of developing hepatocellular carcinoma.
As shown in Fig. 2b , 17 Sudanese sequences clustered with subgenotype D1 (HBV/D1) within the HBV/D clade (100 and 67% bootstrap with full genome and Pre-S/S, respectively). The average intragroup nucleotide diversity was 2.6% (range, 0.4 to 10.6%) and 2.1% (range, 1.3 to 3.0%) for the Pre-S/S region and full genome, respectively. Diversity between subgenotype D1 Sudanese sequences and 91 previously characterized HBV/D1 sequences from Egypt (n ϭ 29), Tunisia (n ϭ 15), and Iran (n ϭ 47) (16) , which were used as references, was 3.1% (range, 1.1 to 11.0%) for the complete genome minus the BCP/PC region. The average amino acid diversity within the Pre-S/S region of Sudanese HBV/D1 strains was 1.9% (range, 0 to 3.8%). All Sudanese strains had a wild-type MHR. Polymerase and core sequences were analyzed for 13 strains, and the average amino acid diversity was 2.4% (range, 0.9 to 4.4%) and 5.9% (1.1 to 11.5%), respectively. In the core, the genotype-specific insertion of aspartic acid (position 152) and arginine (position 153) was present in the genotype A2 strain. Despite the lack of BCP/PC sequence, the sequence of the X gene was obtained for 12 HBV/D1 strains. Five strains presented the xK130M and xV131I substitutions, one had the xV131I substitution alone, and two had the xV131L substitution. The average amino acid diversity was 3.3% (range 0 to 6.5%) in the Sudanese HBV/D1 X protein.
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To confirm further the recombination event, the successfully amplified Pre-S/S region (1460 bp) of S81 and S347 strains that contained the putative recombination point at position 3000 was cloned and sequenced (seven to eight clones per strain). No evidence of dual infection was observed, and all clone sequences belonged to a monophyletic cluster within the genotype D clade that included the corresponding consensus sequence obtained from the direct sequencing of the original PCR product (100 and 96% bootstrap support for S81 and S347 clones, respectively). In both cases, the quasispecies observed consisted of closely related variants. However, sample S81 contained two major variants in similar proportions that differed from the other species by 3-and 9-nucleotide deletions in the Pre-S2 region. The quasispecies genetic diversity was 1.1% (range, 0.6 to 1.2%) and 1.4% (range, 0.4 to 2.4%) in sample S81 (excluding the deletions) and S347, respectively. Despite this intrasample genetic variability, SIMPLOT analysis showed that the recombination point around position 3000 remained present in each clone and at the same location in individual variants constitutive of the quasispecies (Fig. 3b) .
DISCUSSION
The first objective of this study was to determine the prevalence of anti-HBc among Sudanese blood donors and to explore the potential benefits of implementing such a screening test in addition to HBsAg in blood donor screening to improve HBV blood safety. Since the prevalence of HBsAg in the initial group of blood donors screened was not known, we could not determine the overall HBsAg prevalence. However, HBsAg prevalence of 5 to 7% was previously reported in the general healthy population from different regions of Sudan (13, 28, 31) . A higher prevalence of 26% was reported in hospital outpatients from southern Sudan (25) . The initial screening of 404 randomly selected HBsAg-negative plasma samples indicated a high prevalence of anti-HBc among Sudanese blood donors (145/404). However, further investigation revealed the presence of 16 confirmed HBsAg-positive samples (4%) that were not detected at the time of the initial screening. This unexpected finding emphasized the need for a sensitive and wellcontrolled HBsAg screening process. The confirmed yield of anti-HBc in HBsAg-negative blood donors was 33% (129/388). This anti-HBc prevalence is lower than the 47.5 and 67% prevalence reported in previous studies in Sudan (25, 28) . The difference might relate to the fact that high prevalence was observed in patients attending clinics and/or with a history of jaundice as opposed to apparently healthy blood donors. Among these anti-HBc-positive donors, 56% were anti-HBs positive, indicating that 18.5% of Sudanese donors had been in contact with the virus, recovered, and maintained detectable neutralizing antibody levels after natural infection. Should anti-HBc screening be introduced in the blood donation testing algorithm, it will cause a significant shortage in the blood supply. However, anti-HBs of Ͼ100 IU/liter in anti-HBc-positive donations generally is considered safe for transfusion, and anti-HBs quantification would identify approximately 15% donations with anti-HBs of Ͼ100 IU/liter, reducing the deferral of collected blood bags to 20.9%. To select the best strategy for HBV blood safety in Sudan, the implementation of anti-HBc would considerably worsen the chronic shortage of blood. Even with retaining the high-titer anti-HBs-positive units, antiHBc screening would remain unaffordable from a blood supply standpoint. The alternative strategy of HBV DNA screening would only defer infectious units either from the window period or from the less-infectious occult HBV carriage, avoiding the loss of noninfectious units. A cost comparison between the anti-HBc and nucleic acid testing strategy should take into consideration not only the cost of testing and of discarded and destroyed units but also the cost of replacing these units with others necessary to maintain the blood supply. a Genetic divergence was defined as the mean value for pairwise distance between sequences, calculated as the number of nucleotide differences between two individual sequences, corrected for sequence length.
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There is no previously published data reporting the presence of occult HBV infection (OBI) in Sudan, defined as HBV DNA positive with low viral load (Ͻ10 IU/ml) but HBsAg negative. In the present study, the prevalence of occult HBV carriage was 4.6% in anti-HBc-positive Sudanese donors, leading to a 1.5% estimate in the total blood donor population. This frequency was similar to data collected in Ghana, in west Africa (32) . All Sudanese OBI samples were anti-HBs positive, suggesting that these donors had recovered from past infection but were unable to fully control lowly replicating virus (9) . The high anti-HBs prevalence in Sudanese OBIs differed from the ϳ50% prevalence reported for OBI donors from western Europe (HBV genotypes A2 and D) and South Africa (HBV genotype A1) and the 37.5% prevalence observed in OBIs genotype E from Ghana (3, 9, 36) . Compared to HBsAgpositive samples, HBV genotype D was dominant in OBIs (five of six), and none was genotype E (Table 1) . This is consistent with other studies describing a high frequency of genotype D OBI relative to its prevalence in a population with mixed genotypes, such as Poland (A2 and D) (7, 9) . In the case of Sudan, genotype E is dominant, but no genotype E OBI was identified. The average amino acid diversity within the MHR of the Sudanese genotype D OBIs was lower than the diversity reported in European genotype D and genotype A2 OBIs (9.8% versus 16 and 11%, respectively), but it was higher than that observed in South African genotype A1 (3%) and west African genotype E OBI strains (Ͻ1%) ( Table 2) (3, 9, 36) .
Despite a limited number of large-scale epidemiological studies, a trend in the distribution of HBV genotypes in Africa has emerged (20) . HBV genotype A is dominant in southern and eastern Africa and parts of central Africa. Most African HBV/A strains characterized to date belong to subgenotype A1. Subgenotype A3 initially was identified in central Africa and was sporadically reported from west Africa (15, 30) . HBV genotype E predominates throughout a vast crescent spanning from Senegal to Namibia, one-third of the continent, and extending to the Central African Republic in the east and to Mali and Niger in the north (6, 11, 18, 29) . A few HBV/E strains also were identified as minority genotypes further east in Mozambique and Madagascar or further north in Tunisia (21) . Finally, HBV genotype D is dominant in northern Africa, with two subgenotypes recently identified in Tunisia (D7) and Niger (D8) (11, 26) . Sudan is a large country at the presumed geographical junction of the distribution of these three HBV (sub)genotypes. However, no clear data regarding the molecular epidemiology of HBV in Sudan was available. Among the 53 samples sequenced and analyzed, phylogenetic analysis showed that genotype E was dominant in Sudan (51%), followed by genotype D (41.5%) (Fig. 2) . Strains of other genotypes, such as the European A2 or the Asian B genotypes, were detected occasionally but probably were not autochthonous. Genotype A1 was not found in the present study. This could be due to the small size of the cohort studied and to the northern location of Khartoum, where samples were collected.
Sudanese donors infected with genotype D strains tended to carry lower levels of HBV DNA than those infected with genotype E strains (103 versus 3,100 IU/ml; P Ͻ 0.0001). In addition, when examining the distribution of HBV DNA load, genotype D had a unimodal distribution with a large number of outliers from the median with a very low DNA load (Fig. 1) . A similar viral load distribution was reported for genotype Dinfected blood donors from Poland, Tunisia, and Iran (16, 17, 26) . In contrast, a bimodal distribution was observed in Sudanese genotype E-infected donors, as previously reported for a similar blood donor population from west Africa (4, 10) or for donors from southeast Asia infected with genotypes B and C (27) . However, a smaller proportion of genotype E-infected donors had a viral load above 10 4 IU/ml compared to that of donors infected with genotypes B and C.
Two strains (38%) were recombinant between genotypes D and E, the two dominant genotypes in Sudan. The whole genome (minus 50 bp, including the BCP/PC region) of one strain could be analyzed and was identified as a mosaic of six sections alternating genotypes D and E (Fig. 3) . D/E breakpoints located between nucleotides 1500 and 3200 were similar to those reported in subgenotype D8 strains from Niger (11) and in a D/E recombinant strain from Ghana (15) . Only the Pre-S/S region of the second Sudanese strain could be cloned and analyzed. It contained only one recombination site from genotype D to genotype E around nucleotide 3000 from the EcoRI start. All clones from both strains included this recombination site, suggesting that these individuals had been infected with a similar, if not identical, HBV-D/E circulating recombinant form, which is part of the HBV epidemiology in Sudan. The high viral load (1.3 ϫ 10 6 IU/ml) observed in S81 suggested that this recombinant strain was infectious. A similar situation has been described previously in Guinea for an A3/E recombinant and in Ghana and Niger for D/E recombinant (tentatively but erroneously named D8) (11, 15) . In addition, both D/E recombinants from Sudan and Niger and A3/E recombinants from Guinea shared a similar pattern of recombination breakpoints between nucleotides 1500 and 3200, confirming the presence of preferential sites of recombination across the HBV genome. While the D/E strain from Ghana (Gh16) and the D8 strains from Niger appeared genetically related ( Fig. 2 and 3) , the presence of an additional recombinant event within the pol gene and the lack of the 33-nucleotide-long D-specific deletion in the Pre-S1 region suggested that the D/E recombinant strains found in Sudan have a distinct origin.
In summary, this study provides clear evidence that the extension of the relatively recent HBV genotype E reaches the Red Sea in Sudan and appears to separate genotype D in the north and A1 in the east of Africa. At the junction between the boundaries of the extension of two genotypes, it is not surprising to find recombinant forms establishing new variants that should be incorporated into the epidemiology as circulating recombinant forms, as for HIV strains, rather than subgenotypes.
